Organolead halide and mixed halide perovskites (CH3NH3PbX3, CH3NH3PbX3-nYn, X and Y = Cl-, Bror I-), are promising materials for photovoltaics and optoelectronic devices. 207Pb solid-state NMR spectroscopy has previously been applied to characterize phase segregation and halide ion speciation in mixed halide perovskites. However, NMR spectroscopy is an insensitive technique that often requires large sample volumes and long signal averaging periods. This is especially true for mixed halide perovskites, which give rise to extremely broad 207Pb solid-state NMR spectra. Here, we quantitatively compare the sensitivity of the various solid-state NMR techniques on pure and mixed halide organolead perovskites and demonstrate that both fast MAS and DNP can provide substantial gains in NMR sensitivity for these materials. With fast MAS and proton detection, high signal-to-noise ratio two-dimensional (2D) 207Pb-1H heteronuclear correlation (HETCOR) NMR spectra can be acquired in less than half an hour from only ca. 5 µL of perovskite material. Modest relayed DNP enhancements on the order of 1 to 20 were obtained for perovskites. The cryogenic temperatures (110 K) used for DNP experiments also provide a significant boost in sensitivity. Consequently, it was possible to obtain the 207Pb solid-state NMR spectrum of a 300 nm thick model thin film of CH3NH3PbI3 in 34 hours by performing solid-state NMR experiments with a sample temperature of 110 K. This result demonstrates the possibility of using NMR spectroscopy for characterization of perovskite thin films.
TOC Graphic Introduction
Lead halide perovskites have attracted considerable interest for applications in photovoltaics and optoelectronic devices due to the fact that they possess tunable band gaps, high photo-conversion efficiencies (PCE) up to 22% and they are solution processable. 1 currently provide the best performance and stability in photovoltaic devices. 1, 3 Powder X-ray diffraction (PXRD) is commonly applied to characterize pure and mixed lead halide perovskites.
However, PXRD often provides limited insight into the structures of mixed phased lead halide perovskites which may show short range phase segregation and even give rise to amorphous phases. For these reasons we have previously applied 207 Pb solid-state nuclear magnetic resonance (NMR) spectroscopy to determine the local lead coordination environment and probe phase segregation and mixing within mixed halide perovskites. [4] [5] Many other research groups have also used solid-state NMR and nuclear quadrupole resonance (NQR) spectroscopy of the elements commonly found in lead halide perovskites ( 1 H, 2 H, 13 C, 14 N, 35 Cl, 79 Br, 127 I, 133 Cs, 207 Pb, etc.) to probe structure, observe hydration and measure the dynamics of cations and anions. NMR spectroscopy is an insensitive technique that often requires large sample volumes and long signal averaging periods. This is especially true for mixed halide perovskites, which give rise to extremely broad 207 Pb solid-state NMR spectra because the 207 Pb chemical shift is dependent upon the identity and number of coordinating halogen atoms. 4 Previous 207 Pb solid-state NMR experiments on lead halide perovskites were performed with large sample volume rotors (3.2-4.0 mm rotors with 30-100 µL sample volume), and either slow magic angle spinning (MAS) or static conditions. 4, 28-29, 31, 37 In the past decade, the solid-state NMR technologies of dynamic nuclear polarization (DNP) [41] [42] [43] [44] [45] [46] [47] and fast MAS [48] [49] [50] [51] [52] [53] [54] [55] have emerged as methods to enhance the sensitivity of solid-state NMR experiments by several orders of magnitude.
Here, we present an in-depth investigation of the NMR sensitivity enhancements that can be obtained with fast MAS or DNP for 207 Pb solid-state NMR experiments on pure and mixed phase lead halide perovskites. Note that we have previously presented preliminary data on the application of DNP, fast MAS and proton detection to improve the sensitivity of solid-state NMR experiments on lead halide perovskites. 5 A quantitative comparison of the sensitivity of the various NMR techniques demonstrates that both fast MAS and DNP can provide substantial gains in sensitivity. Fast MAS and proton detection allow 207 Pb solid-state NMR spectra to be rapidly obtained from less than 5 µL samples of perovskites. Using these methods, high quality 207 Pb solidstate NMR spectra of both pure and mixed halide organolead perovskites can typically be obtained in less than half an hour. With low temperature (ca. 110 K) NMR experiments it is possible to obtain a 207 Pb solid-state NMR spectrum of a CH 3 NH 3 PbI 3 model thin film (less than 500 nm film thickness) in 35 hours.
Results and Discussion
Figures 1-3 compare the 207 Pb solid-state NMR spectra of pure and mixed halide perovskites obtained with different NMR methods and the sensitivity (S) of each spectrum is indicated. In order to assess and quantitatively compare the different methods for obtaining 207 Pb NMR spectra, S was measured for each of the different 207 Pb NMR experiments (Equation 1): 56 (1)
Where, SNR is the signal-to-noise ratio, t is the total experimental time (in minutes) and S is given in units of min -1/2 . The sensitivity allows the SNR of NMR spectra acquired with different methods to be compared and normalizes for different experiment times. with 4.6 hours of signal averaging gave a sensitivity of 0.7 min -1/2 ( Figure 1A , lower trace, see Table S1 ). (Table S1 and Figure S2 ). However, for CH 3 NH 3 PbCl 3
there is negligible gain in the sensitivity under MAS ( Figure S3 , see below). 4 Slower MAS frequencies will lead to reduced echo signal intensity because longer echo delays are required. Short echo delays of arbitrary duration can be used for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 static experiments because the sample is not rotating, however, the 207 Pb T 1 will be longer in the static experiments.
Next, proton detection was tested to enhance the sensitivity of 207 Pb solid-state NMR experiments on lead halide perovskites containing organic cations. Proton detection in combination with fast MAS is widely employed to enhance the sensitivity of solid-state NMR experiments by exploiting the high sensitivity associated with detection of 1 H spins ( Figure S1 ). Figure 1B ).
The constant time D-HMQC pulse sequence 58 ( Figure S1 ) was also used to obtain proton detected 207 Pb solid-state NMR spectra. However, the recycle delay in the D-HMQC experiments is governed by the longer proton T 1 and the 2D NMR spectrum often contains substantial t 1 -noise. [42] [43] 47 In order to prepare the lead halide perovskites for DNP experiments the powders were impregnated 61 with a 16 mM TEKPol 1,1,2,2-tetrachloroethane (TCE) radical solution. The radical solution coats the outside of the perovskite particles and DNP enhanced 1 H polarization is relayed from the surface of the particles to the interior by proton spin diffusion. [62] [63] [64] This approach is referred to as relayed DNP. In order to obtain large DNP enhancements with relayed DNP, a long proton T 1 is required in the crystalline phase. [62] [63] [64] Unfortunately, for all of the perovskites examined the proton T 1 was on the order of 2 s at ca. 110 K and prevents the build-up of substantial DNP enhanced 1 H magnetization (see Table   S4 ). There is a reduction in the 1 H T 1 of the organolead halide perovskites when going from room temperature to 110 K because the dynamic reorientation of the cation occurs at a similar frequency to the 1 H Larmor frequency. 14 Figure S1 ) to eliminate spinning sidebands and ensure that only isotropic peaks were observed (Figures 2, S8 ). The CP-TOSS spectrum reveals a second 207 Pb peak at a more positive chemical shift which possessed a higher e Pb of 16 ( Figure S7 ). The larger relayed DNP enhancement for the more positive chemical shifts suggests that these signals 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Higher enhancements for relayed DNP experiments, can generally be obtained for samples with smaller particle sizes, i.e. nanocrystalline samples should give higher DNP enhancements. 63 Nanocrystalline perovskites have shown great promise for optoelectronic devices (light emitting diodes, displays, lasers, etc.). [71] [72] [73] Therefore, we performed relayed DNP NMR experiments on nanocrystalline perovskites 74 to see if larger DNP enhancements could be obtained and to determine if there are any structural differences between the microcrystalline perovskites (see Figure S10 for TEM images of the nanocrystalline samples). Despite the very small grain size of the nanocrystalline samples (ca. 10 -20 nm particle diameter) there was generally not a substantial improvement in the e Pb for the nanocrystalline samples. 13 C CPMAS DNP enhancements (e C ) were also measured for the nanocrsytalline and microcrystalline perovskites (Table S6 ). As expected, the nanocrystalline perovskites showed higher e C than the microcrystalline perovskites. In the DNP-enhanced 207 Pb and 13 C CPMAS experiments polarization is derived from the same bath of hyper-polarized 1 H spins of the methylammonium cations. Therefore, the 13 C and 207 Pb CPMAS DNP signal enhancements should be the same, but, in all cases, e C was higher than e Pb (Table S6 ).
It has previously been noted that microwave induced sample heating can cause differences in NMR relaxation time constants that causes apparently non-uniform CPMAS DNP enhancements to be measured for spins that share a common 1 H spin bath. 75 Sample temperature measurements indicated that the microwave typically heated the sample by ca. 15 K ( Figure 3C ). This result suggests that proton detection can improve sensitivity without a significant distortion of the relative peak intensities. This is important because the relative peak intensities can be used to quantify the halide ion distribution.
For example, Figure 3C shows the assignment of the different 207 Pb chemical shifts to different lead coordination environments of CH 3 NH 3 PbBr 1.5 Cl 1.5 (see Figure S11 as well).
One potential limitation of CP based methods is that CP typically has a lower excitation bandwidth than direct excitation. However, it is well known that when the breadth of the NMR spectrum exceeds the excitation bandwidth of the pulse sequence it is possible to use frequency stepped acquisition protocols to obtain the NMR spectrum. 76 Perovskite-based solar cells are usually made by depositing a thin layer (less than 300-500 nm) 79 of perovskite material onto transparent conductive substrates. It has previously been shown that the specific procedure used for the thin layer deposition greatly affects the composition, crystallinity and substrate coverage of the film, all of which can greatly affect device performance. [80] [81] [82] Non-invasive methods for the characterization of deposited thin films are normally restricted to microscopy, PXRD and X-ray photoelectron spectroscopy (XPS), all of which provide an incomplete picture of the molecular structure of deposited thin films. For 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 example, in 2016 Rosales et. al. reported that different synthetic techniques for mixed halide perovskites showed similar PXRD patterns, however 207 Pb solid-state NMR spectra detected that the halide distribution and local lead coordination environments were distinct. 4 As a proof-ofconcept demonstration of solid-state NMR spectroscopy for the molecular characterization of perovskite thin films, we have applied low temperature 207 Pb solid-state NMR to a model 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
Conclusions
In conclusion, with fast MAS and proton detection or DNP it is possible to significantly Pb CP spin echo experiments were performed using previously described pulse sequences and are depicted in Figure S1 .The recycle delays, number of scans and number of indirect acquisition points for all NMR experiments are all given in the SI (Tables S1-S2 Thin film preparation for NMR. Using a mortar and pestle the CH 3 NH 3 PbI 3 coated microscope slide was crushed into small pieces that were then packed into a sapphire NMR rotor.
After crushing, the majority of the perovskite film still appeared to be grafted onto the microscope slide ( Figure S20 ).
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